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Due to variability, the input bias currents in bipolar devices, no matter before or after gamma-ray
irradiations, are different for different samples. In this work, we experimentally demonstrate that
there is a linear correlation between the pre-radiation and post-radiation input bias currents for
samples from the same manufacturer and the same batch. The correlation is found in three typi-
cal commercial off-the-shelf (COTS) bipolar devices, including quad-operation amplifiers MC4741,
LM324N and quad comparator LM2901, which are irradiated with different gamma ray total doses,
dose rates, and temperatures. We indicated that, the possible mechanism of the remarkable effect
is that, in the input stage bipolar junction transistor, the radiation-induced space charge region
(SCR) current and the pre-radiation carriers diffusion current are generated in the same emitter re-
gion thus obey a linear correlation, while the radiation-induced neutral base surface (NBS) current
is generated in a different (base) region thus is independent from the diffusion current. Moreover, it
is found that, the SCR-like component dominates in MC4741, the NBS-like component dominates
in LM324N, while the two components are comparable in LM2901, implying different roles of the
two components in the total dose effect of different kind of devices. The found linear correlation
can be used in exact damage prediction and nondestructive device selection.
I. INTRODUCTION
Device variability is the dispersion of the electrical
characteristics of identically designed devices1, which can
be categorized into intrinsic device variability and extrin-
sic variability2. Intrinsic variations are caused by atomic-
level differences between devices that may have identi-
cal layout geometry and environment. Main sources of
the variability contain dopant profiles, line-edge rough-
ness, and film thickness variation2. Three-dimensional
atomistic simulation of MOSFETs reveals that the ma-
jority of the threshold voltage variation is due to ran-
dom dopant fluctuations, i.e., the fluctuation in dopant
number and dopant position3–5. Line-edge roughness
arises from statistical variation in the incident photon
count during lithography exposure, and the absorption
rate, chemical reactivity, and molecular composition of
the photoresist6; it can cause variability in the effective
gate length along the width of a FET hence the threshold
voltage variability5,7. The oxide thickness varies by one
or two atomic spacings on a nanometer-length scale 8; it
adds in quadrature about 10% of the threshold voltage
variability5,9. The film thickness variation also gives rise
to variability in tunneling current and mobility degra-
dation at elevated transverse field. Extrinsic variability
is not associated with fundamental atomistic problems,
but rather with the operating dynamics of a modern fab-
ricator2. The main sources of extrinsic variability con-
tain process variability, placement-induced device varia-
tion, wear-out-induced timing changes, use-induced de-
vice variation, as well as circuit effects2.
The impact of ionizing radiation on the device vari-
ability is an important yet quite unexplored field. Re-
cently, several studies have been presented for MOS-
FETS10–13, advanced NAND flash memories14,15, and
bipolar devices16–21. In 65-nm MOSFETs, enhancement
of transistor-to-transistor variability due to total ioniz-
ing dose (TID) effect was found10. Modeling approches of
transistor mismatch11 and automated flow for TID-aware
process design kit generation12 were presented for ad-
vanced CMOS technologies. For NAND flash memories,
a nonstandard probability distribution was found14 and
correlations between the pre-radiation and post-radiation
bit errors were observed15. In other words, samples with
a larger number of pre-radiation errors are generally more
prone to develop TID-induced errors15.
For bipolar devices, a strong TID response variabil-
ity is found in a voltage comparator LM111, where the
connection between pre-irradiation thermal stress and
radiation-induced oxide defect build-up was identified as
one of the essential mechanisms16. Besides, the low dop-
ing of the LM111’s substrate PNP input transistors has
been identified as a second mechanism. It was also found
an operational amplifier LM124 exhibits much weaker re-
sponse variation a function of the pre-irradiation ther-
mal stress. The possible reason was attributed to the
cumulative build-up of radiation-induced oxide defects
and circuit level effect in the LM12416. A bimodal TID
response was also found in LM111 and the adequacy of
sampling plans was examined18. The influence of dataset
size and statistical model on the bounding estimates of
TID degradation was examined and a method for select-
ing the model with greatest predictive power was de-
veloped19. Recently, inclusion of radiation environment
variability in TID hardness assurance methodology has
also been discussed20,21.
2In this work, we investigate the impact of TID radia-
tion on the variability of commercial off-the-shelf (COTS)
bipolar devices. We find that the variability of the in-
put bias current increases with increasing total dose at
fixed dose rate and decreasing dose rate at fixed total
dose; more importantly, the post-radiation input bias
currents are linearly correlated with the pre-radiation
values, which, to our best knowledge, has not been re-
ported before. The linear correlation is found in all inves-
tigated devices: two quad operational amplifiers MC4741
and LM324N and a quad comparator LM2901, indepen-
dent of the radiation total dose, dose rate, and tempera-
ture. We indicate that, the linearly-dependent part may
correspond to the space charge region (SCR) component
of the radiation-induced base current while the indepen-
dent part may correspond to the neutral base surface
(NBS) component. The two parts play different roles in
the TID response for different devices. We propose that
the found linear correlation can be used to accurately
predict ionization damage and to nondestructively select
less-sensitivity devices.
II. EXPERIMENT SETUP
To investigate the possible correlation between the
post-radiation and pre-radiation values of input bias cur-
rent in bipolar devices, two quad-operational amplifiers
MC4741, LM324N and one quad comparators LM2901
are used in our experiments. The devices MC4741 and
LM2901 are irradiated at high (100 rad/s(Si)) and low
(0.1 rad/s(Si)) dose rate field at room temperature, while
the devices LM324N are irradiated at 10 rad/s(Si) dose
rate both at room temperature and at high temperature
T = 80, 120, and 175 ◦C respectively. The irradiation
source is Cobalt-60. The chips are irradiated with all
pins grounded. For each kind of devices, all devices are
from the same batch. For MC4741 and LM2901, 25 (75)
devices were chosen randomly and irradiated with high
(low) dose rate. Parameters are measured when the to-
tal dose is accumulated to 10 krad, 30 krad, 50 krad and
100 krad. For LM324N, 6 devices were randomly chosen
and irradiated at room temperature. For high temper-
ature experiments, 4 devices were chosen randomly and
irradiated for each temperature. The total dose is accu-
mulated to 5 krad, 10 krad, 30 krad, 50 krad, and 100
krad. Every single device was labelled so that its param-
eter changes can be tracked. For the quad operational
amplifiers MC4741 and LM324N, we measured the fol-
lowing parameters: input offset voltage (Vio), input bias
current (Ib,+/-), input offset current (Iio), open loop gain
in dB (Avd), and common-mode rejection ratio (Kcmr).
For the quad comparator LM2901N, we tracked the pa-
rameters: Vio, Ib (+/-), Iio, Avd, and output voltage
(Vo).
We performed the irradiation and testing process in
Xinjiang Technical Institute of Physics & Chemistry,
Chinese Academy of Sciences. Each test were finished
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FIG. 1. (color online) Distributions of the input bias cur-
rents of LM2901 before and after low-dose-rate gamma ray
irradiations. Black strips for data and red curves for fitting.
within half an hour after irradiation to guarantee that
the annealing process does not have a great impact on
the result.
III. RESULTS AND DISCUSSION
For both comparators and operational amplifiers, the
input bias current and open loop gain are the most sensi-
tive parameters. Here, we focus on the input bias current.
The pre- and post-radiation input bias currents are de-
noted by I0B and IB , respectively. ∆IB = IB − I0B is the
gamma ray induced ionization damage.
A. Linear correlation in comparator LM2901
In Fig. 1 (a) we first show the distribution of the
pre-radiation input bias current of LM2901. It is seen
that, the currents for different samples are different; they
distribute randomly in a range of 32nA∼48nA. The t-
location scale probability distribution function (pdf) pro-
vides the best fit of the data
pdf(x) =
Γ
(
ν+1
2
)
σ
√
νpiΓ
(
ν
2
)
[
ν +
(
x−µ
σ
)2
ν
]−( ν+12 )
, (1)
where µ is a location parameter which indicates the mean
value, ν is a shape parameter, and σ is a scale parame-
ter. The standard deviation is
√
σ2ν/(ν − 2), which is a
measure of the variability. The mean value is found to be
37.4 nA and the standard deviation is 2.5 nA. The pdf of
the post-radiation input bias currents are plotted in other
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FIG. 2. (color online) Location parameter µ (a), scale param-
eter σ (b), shape parameter ν (c), and the standard deviation
(d) of the t-location scale distribution of the input bias cur-
rent of LM2901 as functions of the total dose. Black (blue)
curves for low (high) dose rate irradiation.
splitting of Fig. 1. In Fig. 1 (b)-(e), the samples are irra-
diated by gamma ray to dose of 10, 30, 50, 100 krad(Si),
respectively. The dose rate is 0.1 rad/s(Si). It is inter-
esting that, the pdf’s are the same as the pre-radiation
case. However, comparing with the pre-radiation case,
the whole distribution shifts to a higher level after radi-
ation, i.e., the mean value increases almost linearly with
the increasing dose, which is the so-called TID effect, see
Fig. 2(a). Moreover, the standard deviation (variability)
also increases monotonously with increasing dose, to the
level of ∼75nA at 100krad, which is 30 times of the ini-
tial variability; see Fig. 2 (d). Such a behavior is similar
to the radiation-induced enhancement of transistor-to-
transistor variability in MOSFETs10. The three param-
eters in Eq. (1) and the standard deviation for the same
dose but a high dose rate 100 rad/s(Si) are also shown in
Fig. 2. An enhanced low-dose-rate sensitivity (ELDRS)
effect was observed, as shown in Fig. 2 (a) and (d).
Is there some deep reason for the same pdf but in-
creasing standard deviation (variability) under gamma
ray irradiation? In Fig. 3 we track the increase of the
input bias current ∆IB of each sample. The observed
∆IB as a function of its pre-radiation value I
0
B was plot-
ted. Surprisingly, although the damage for each sample
distributes randomly, the whole trend of the damage fol-
lows a simple linear dependence on the pre-radiation val-
ues. In other words, the larger the pre-radiation input
bias current in a sample, it is probably that the larger
the post-radiation input bias current in the same sample.
This behavior is very different from a picture of that, the
samples of the same batch response randomly to the same
radiation dose. Moreover, the linear dependence main-
tains for any dose and both the low and high dose rates.
To further confirm the dependence, the Pearson’s corre-
lation coefficients is calculated and plotted in Fig. 5 (a).
From the results, we can see a strong linear correlation;
moreover, the higher the irradiation dose, the stronger
the linear correlation. This observation is similar to the
positive correlation between the pre-radiation and post-
radiation bit errors observed in NAND flash memories15.
The above results suggest that, the response strength of
the samples are well determined by their pre-radiation
values.
Before we understand the mechanism, we further ex-
plore the feature of the linear correlation by fitting the
∆IB-I
0
B profiles using a linear function:
∆IB(I
0
B) = k × I0B + c, (2)
where k is the slope of the linear dependence and c is
a constant component independent of the pre-radiation
current. The linearly-dependent component of ∆IB is
calculated as k × µ0, where µ0 is the mean value of I0B .
From the results plotted in Fig. 4, we obtain that both the
linear component and the constant component increase
for increasing dose. It is the increase of the intercept and
the slope (the slope) with the increasing dose results in
the increase behavior of the mean value (the standard
deviation or variability).
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FIG. 3. (color online) Degradations of the input bias currents
for comparator LM2901 versus the pre-irradiation input bias
currents with total dose 10 krad (black scatter), 30 krad (red
scatter), 50 krad (blue scatter), and 100 krad (magenta scat-
ter), respectively. The short-dashed, dotted, dash-dotted, and
dash-dot-dotted lines represent the linear fitting of the data
at different total doses. The left (right) panel corresponds to
the irradiations with low (high) dose rate.
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FIG. 4. (color online) The linear component k × µ0 (a) and
the constant component c (b) as functions of the total dose for
comparator LM2901. Black (blue) for low (high) dose rate.
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FIG. 5. (color online) Pearson’s correlation coefficients be-
tween ∆IB and I
0
B as a function of total dose for LM2901 (a),
MC4741 group A (b) MC4741 group B (d), and LM324N (c).
B. Mechanism of the linear correlation
The input bias current of the comparator LM2901 is
directly related to the base current of the input-stage
transistors18,22,23. To understand the underlying mech-
anism of the linear correlation, we recall the models of
the base current of a bipolar junction transistor before
and after ionization irradiations. The pre-radiation base
current has been modeled as24
I0B = qAE
Dnn
2
i
NEWE
exp
(
VEB − IERs
VT
)
, (3)
where q is the magnitude of charge, AE is the active
emitter area, Dn is the diffusion constant, ni is the in-
trinsic carrier concentration of silicon, NE is the emitter
doping, WE is the effective emitter width, VEB is the
emitter-base voltage, VT = kBT is the thermal voltage,
IE is the transistor’s emitter current, and Rs is the series
resistance between emitter and base25. It is clear that,
the pre-radiation base current is mainly contributed by
the diffusion of intrinsic carriers in the emitter area.
On the other hand, the increase of base current due to
ionizing radiation has two components, namely, a space
charge region (SCR) component and a neutral base sur-
face (NBS) component26,27. The SCR component stems
from the recombination due to radiation-induced inter-
face traps (Nit) on the surface above the emitter-based
space-charge region26,28
∆IR−SCR(ψs) = ∆s
qPEVTpini
2Em(ns)
exp
(
VEB − IERs
2VT
)
,
(4)
where ∆s is the surface recombination velocity at the Si-
SiO2 interface due to buildup of Nit
29,30, PE is the emit-
ter perimeter, Em is the maximum electric-field in the
emitter-base SCR, which is a function of the surface elec-
tron concentration ns. The SCR current is a function of
the surface potential ψs
28. It is noted that, the radiation-
induced SCR and the diffusion currents are generated in
the same (emitter) region: the former stems from the car-
riers recombination on the surface of the emitter region,
while the latter is caused by carriers diffusion through
the emitter region. As a result, the factors (no matter in-
trinsic or extrinsic2) resulting in larger pre-radiation dif-
fusion currents in some samples will also result in larger
post-radiation SCR currents in these samples. This may
be responsible for the obtained linear correlation effect,
and the SCR-like current may contribute to the linear
component of the total damage in Figs. 3 and 4.
On the other hand, the NBS component stems from
the carriers recombination on the surface of the neutral
base region27,28,
∆IR−NBS(ψs) = ∆s
qPEWBn
2
i
2ns(ψs)
[
exp
(
VEB − IERs
VT
)
− 1
]
.
(5)
Here WB is the width from emitter to collector of the
base region, ns was assumed to only be a function of
positive oxide trapped charge (Not)
27. It is noticed that,
the NBS current is generated in a different (base) region
from the emitter region where the diffusion current is
generated. Hence, there should be no direct correlations
between the two currents. That is why we also obtain a
nonzero intercept in the total damage of the base current,
see Figs. 3 and 4.
From the above discussions, we know that Eq. (2)
means that the ionization damage is a sum of the SCR-
like and NBS-like components. From Fig. 4, we can see
that, for LM2901, the SCR-like current is comparable
with the NBS-like current. This is very different from
the widely-accepted view of that, the damage is domi-
nated by the SCR-like component31. It is also seen that,
the SCR-like component increases monotonously with in-
creasing dose. From Eq. (4), this reflects an increase in
the manipulate of Nit. The NBS-like current also in-
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FIG. 6. (color online) Degradations of the input bias currents
for amplifier MC4741 versus the pre-irradiation input bias
currents with total dose 10 krad (black scatter), 30 krad (red
scatter), 50 krad (blue scatter), and 100 krad (magenta scat-
ter), respectively. The data are divided into two groups due to
their different responses. Group A (solid symbols) represents
the amplifiers with the input bias currents increase monoton-
ically as the total dose increases, while group B (open sym-
bols) represents the amplifiers with the input bias currents
first decrease and then increase as the total dose increases.
The short-dashed, dotted, dash-dotted, and dash-dot-dotted
lines represent the linear fitting of the data at different total
dose. The left (right) panel corresponds to the irradiations
with low (high) dose rate.
creases monotonously with the increasing dose, which is
a result of the increase in Nit and Not, see Eq. (5). From
Fig. 4, it is also observed that the ELDRS effect is mainly
contributed by the SCR-like part. Now we can have a
new view of the ionizing damage: it is contributed by
two components; one SCR-like component from the re-
combination on the surface of the emitter region, which
increase with the increasing dose and is different for dif-
ferent samples from the same batch; one NBS-like compo-
nent from the recombination on the surface of the neutral
base, which also increases with the increasing dose but
is almost the same for different samples from the same
batch.
C. Linear correlation and bimodal response in OA
MC4741
One may wonder would the observed linear correlation
be specific for the investigated device. To this end, we
investigate another operational amplifier MC4741. The
∆IB-I
0
B plot is present in Fig. 6. A clear linear corre-
lation between ∆IB and I
0
B is also observed. Actually,
the Pearson’s correlation coefficients (see Fig. 5 (b)) is
even larger than those for LM2901. Similar to LM2901,
the correlation becomes stronger for increasing dose. The
SCR-like and NBS-like current components are extracted
and plotted in Fig. 7 (a) and (b). While the two compo-
nents are comparable for LM2901, here the SCR-like cur-
rent is much larger than the NBS-like current in MC4741.
This means that, for MC4741 improvement methods for
radiation hard purpose should be focused on the emit-
ter region, while for LM2901, both the emitter and base
regions can be considered.
From Fig. 6, we have another important observation:
the radiation response is bimodal for MC4741, which is
also observed in LM11118. For any doses, there is a group
(group B) which has the similar slopes but negative inter-
cepts as the normal group (group A), see Fig. 7 (c) and
(d), respectively. To investigate the possible reason, we
plot the current-dose profiles for each individual sample
in Fig. 8. For group A, we see a clear radioactive rays :
the larger the pre-radiation base current, the bigger the
response slope, which can be represented as
∆IB(x) = (αI
0
B + β)x. (6)
Here β is an intrinsic slope and α describes the depen-
dence of the slope on the pre-radiation base current, x is
the total dose. Comparing with Eq. (2), the two relations
have the same structure, with k = αx and c = βx. For
group B, besides the radioactive rays the base currents
for all samples first decrease and then increase with the
gamma ray dose. This behavior is very similar to the
case described in Ref.32, in which the operational ampli-
fier LM324N are first irradiated with neutrons and then
exposed to gamma ray radiation. As explained in Ref.32,
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FIG. 7. (color online) The linear component k×µ0 (a, c) and
the constant component c (b, d) as functions of the total dose
for amplifier MC4741. The solid (open) symbols represent the
data for group A (B) as explained in the caption of Fig. 6.
Note, in (d) the current is negative and plotted in its absolute
value.
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FIG. 8. (color online) The input bias currents as functions of
the total dose for amplifier MC4741, irradiated with low dose
rate. The left (right) panel includes the amplifiers randomly
selected from the group A (B).
this ‘tick’-like behavior is due to a gamma-ray radiation
induced annealing of neutron-induced defects in bulk Si.
In the present case, the ‘tick’-like behavior may also in-
dicates a gamma-ray induced annealing of pre-existing
defects in the bulk Si.
D. The linear correlation at high temperature in
LM324N
The experiments for LM2901 and MC4741 are per-
formed at room temperature. Would the linear corre-
lation hold for high-temperature irradiation? To check
this possibility, we performed the gamma irradiation ex-
periments for LM324N both at room temperature T = 25
◦C and at high temperatures T = 80, 120, and 175 ◦C.
The dose rate is set to 10 rad/s(Si). Parameters are mea-
sured (at room temperature) when the total dose is ac-
cumulated to 5 krad, 10 krad, 30 krad, 50 krad and 100
krad, respectively. The obtained results for ∆IB versus
I0B curves are shown in Fig. 9. It is seen that, the lin-
ear correlation also hold for these higher temperatures.
This is clearly reflected by the Pearson’s correlation co-
efficient, which is plotted in Fig. 5 (b) as a function of
the total dose for different temperatures. It is seen that,
different from the other two devices, the coefficient first
decrease and then increases with increasing dose. On the
other hand, the higher the temperature, the stronger the
correlation.
The two derived current components are displayed in
Fig. 10. It is seen that, the SCR-like component is small
at room temperature but strongly enhanced by the in-
creasing of temperature (from several nA to several hun-
dred nA, at 50krad), while the NBS-like component dom-
inates at room temperature but less influenced by the
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FIG. 9. (color online) Degradations of the input bias currents
for amplifiers LM324N versus the pre-irradiation input bias
currents with total dose 5 krad (black scatter), 10 krad (red
scatter), 30 krad (blue scatter), 50 krad (magenta scatter),
and 100 krad (olive scatter), respectively. The short-dashed,
dotted, dash-dotted, dash-dot-dotted and solid lines represent
the linear fitting of the data at different total dose. The ex-
periments are preformed at room temperature T = 25 ◦C (a)
and at high temperatures with T = 80◦C (b), 120◦C (c), and
175 ◦C (d), respectively.
temperature (first increases and then decreases with in-
creasing temperature, always several hundred nA). From
Eqs. (4) and (5), the first is a result of increase of Nit for
increasing temperature, while the second may be caused
by a negative synergistic effect of Not and Nit, both of
which increase with temperature but have opposite roles
in the current component. In total, at room temperature,
the NBS-like current component dominates; for higher
temperature, the SCR-like current component becomes
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FIG. 10. (color online) The linear component k × µ0 (a) and
the constant component c (b) as functions of the total dose
for amplifier LM324N.
7comparable or even larger.
IV. CONCLUSION
In summary, we have experimentally demonstrated a
strong linear correlation between the post-radiation and
the pre-radiaition input bias currents in three COTS
bipolar devices, LM2901, MC4741, and LM324N. This
finding is very opposite to the intuition of that the dam-
age is totally random for the samples radiated to a same
dose. The possible mechanism for this remarkable effect
is that, the radiation-induced SCR current and the pre-
radiation carriers diffusion current are generated in the
same emitter region thus obey a linear correlation, while
the radiation-induced NBS current is generated in a dif-
ferent region and is independent from the initial current.
Due to this mechanism, similar linear correlation can be
expected in other bipolar devices. It is the increase of the
slope of linear correlation with the increasing dose results
in the increase behavior of the response variability. It
was widely believed that, for ionization damage the SCR
component normally dominates. Our results show that,
the two components can play different roles in the TID
effect of different devices: in MC4741 the SCR-like part
dominates, in LM324 the NBS-like part dominates, while
in LM2901 the two parts are comparable. A bimodal re-
sponse is also observed in MC4741. The first decrease
and then increase behavior of the abnormal group is at-
tributed to gamma ray induced annealing of pre-existing
defects in silicon.
In practice, the damages of to-be-use samples are usu-
ally estimated by the mean damage of randomly selected
samples from the same batch. Here, we indicated that,
using the mean value to predict the damage can be un-
reliable when the linear dependent SCR-like component
is comparable or even dominates (e.g., the LM2901 and
MC4741 cases). This is because, in these cases the dam-
ages can be very different for each sample to be used and
each sample has been tested. For example, in the case
of MC4741, the maximal damage can be 2.5 times of
the minimal damage. Instead, we propose that the dam-
ages of to-be-used samples can be exactly predicted by
their pre-radiation currents. Using Eq. (2), the damages
are given by the pre-radiation currents times the slope
extracted from the linear correlation and plus the inter-
cept extracted from the linear correlation. Of course,
when the NBS-like component dominates the traditional
method can be used to estimate the damages. Besides,
the observed linear correlation can also be used to select
the least (most) sensitive samples from a batch. This
can be done by measuring the pre-radiation input bias
currents of the samples and picking the ones with the
smallest (largest) values. Since no radiations are needed,
the selection is nondestructive.
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